The growth and characterisation of a non-planar phthalocyanine (vanadyl phthalocyanine, VOPc) on a complete monolayer (ML) of a planar phthalocyanine (Iron(II) phthalocyanine, FePc) on an Au(111) surface, has been investigated using ultra-high vacuum (UHV) scanning tunnelling microscopy (STM) and low energy electron diffraction (LEED). The surface mesh of the initial FePc monolayer has been determined and shown to correspond to an incommensurate overlayer, not commensurate as previously reported. Ordered islands of VOPc, with (1 Â 1) epitaxy, grow on the FePc layer at submonolayer coverages. The individual VOPc molecules occupy sites directly atop the underlying FePc molecules, indicating that significant intermolecular bonding must occur. It is proposed that this interaction implies that the VQO points down into the surface, allowing a Fe-O bond to form. The detailed appearance of the STM images of the VOPc molecules is consistent with previous studies in other VOPc growth studies in which this molecular orientation has been proposed.
Introduction
Interfaces between organic molecules and metallic surfaces are the basic building blocks of devices that utilise organic electro-or photo-active materials. 1 Recent progress in the field of organic electronics has been swift, and efficient devices for solar energy harvesting, 2 display technologies, 3 and logic applications 4 are increasingly demonstrated. Despite this, a fundamental understanding of the behaviour of many of these small organic molecules at relevant solid surfaces is absent. One of the archetypal classes of organic semiconductors is the metallo-phthalocyanines, derivatives of which are ubiquitous in the field. 5 Although widely employed in fundamental studies, [6] [7] [8] these molecules are also commonly used in laboratory-scale fabrication of highly efficient evaporated solar cell architectures. 9 Formation of monolayer and multilayer structures of stable p-conjugated molecules on conductor surfaces by evaporation provides a robust experimental route for the fabrication of model interfaces. These interfaces have been widely studied using surface analysis techniques including STM 10 (scanning tunnelling microscopy), AFM 11 (atomic force microscopy), LEED [12] [13] [14] [15] (low energy electron diffraction), and photoemission spectroscopy (XPS and UPS; X-ray and ultraviolet photoelectron spectroscopy) [16] [17] [18] [19] [20] as well as X-ray diffraction based structural measurements. [21] [22] [23] Structure-dependent properties have been demonstrated both in model systems 24 and in working devices. 25 However, the growth of ordered interfaces between organic molecules has received far less attention than that of monolayers or multilayers with a single organic component.
Recently organic hetero-epitaxy has been demonstrated in bilayers of copper(II) phthalocyanine and 3,4,9,10-perylene-tetracarboxylicdianhydride (PTCDA). 26 Understanding and exploiting ordered interfaces of this type is a promising route to controlling the structure and properties of the materials therein.
Here, we present the results of an investigation of the ordered growth of a non-planar phthalocyanine (VOPc) on a complete monolayer of a planar phthalocyanine (FePc) on Au(111). We have first characterised the monolayers of FePc with STM and LEED, prior to deposition of VOPc and analysis of the interface produced. STM images show the formation of ordered islands of VOPc at equivalent thicknesses below that of a complete single molecular overlayer. The surface periodicity and molecular registry observed in STM is the same before and after VOPc deposition, while LEED shows no change in the observed diffraction pattern, clearly indicating (1 Â 1) epitaxy at the FePc/VOPc interface. Based on these observations, and the VOPc/FePc local registry shown in the STM images, we discuss the most likely nature of the detailed interface structure.
an STM/AFM (Omicron s ) operated in constant current mode using electrochemically etched polycrystalline tungsten tips. . The thickness of films was monitored using quartz crystal microbalances (QCMs), independently calibrated with ex situ atomic force microscopy (AFM) measurements on thicker films using an MFP-3D (Asylum Research, Santa Barbara) operated in AC (tapping) mode.
Results and discussion
FePc monolayers were produced by evaporation onto a clean Au(111) surface, initially monitored using post-growth LEED with increasing deposition time. A diffuse diffraction ring was first observed at low (12 eV) electron beam energy but with continued growth this was replaced by first a weak, and subsequently a well-defined, spot pattern. Films formed using the deposition time that produced the brightest pattern were then investigated by STM, the resulting images being consistent with a single molecular layer being present on the surface ( Fig. 1 The images of the individual FePc molecules within the FePc/Au(111) monolayer show the same four-lobed structure, with a bright central protrusion, that has previously been reported in the literature. 27 While extensive imaging was not undertaken, similar multi-domain structures to those seen in our earlier study of VOPc on Au(111) were observed. 28 The LEED pattern ( Fig. 1(c) ) collected from this surface can be explained by the superposition of three identical square-mesh patterns rotated by 1201 around the specular beam. Notice that the fact that only 3 such domain patterns are required despite the 3 m point group symmetry of the substrate implies that there must be rotational epitaxy such that one of the principle surface mesh directions of the overlayer is aligned with one of those of the substrate. This general type of epitaxy for organic molecule monolayers on inorganic substrates has been referred to as 'point-on-line coincidence', 29 net points in the overlayer mesh being aligned along a principle direction of the substrate mesh, 18 and has also been reported for Au(111)/MPc systems. 30 An earlier STM study of the Au(111)/FePc monolayer system proposed that the overlayer forms a coincidence mesh, but the matrix suggested by these authors 31 does not reproduce the LEED pattern we show in Fig. 1 . However, using the combination of our STM images and our LEED patterns including one recorded at a higher energy of 80 eV that shows the integral order diffraction beams of the substrate (see ESI, † (Fig. S1) ) it is straightforward to determine the periodicity of the overlayer (in a manner that does not depend on the calibration of the STM), as well as the overlayer/substrate alignment. We find that the overlayer is incommensurate, with one of the primitive translation vectors of the unit mesh of each overlayer domain ( Fig. 2(f) ) aligned along a close-packed direction of the substrate ( Fig. 2(d) ). Based on the size of the square unit cell observed in STM and determined from the LEED patterns (a = b = 1.48 nm, marked in red in Fig. 2(d) and (f)), and the azimuthal orientation with respect to the substrate, the relationship of the overlayer and substrate meshes can be related by the matrix equation: This FePc monolayer was then used as the substrate for sequential deposition of a VOPc overlayer using a separate evaporation source. Approximately 0.5 ML of VOPc was deposited using evaporation conditions determined from our earlier study of 1 ML films of VOPc on Au(111). 28 Specifically, this entailed growth for 7.5 minutes at a cell temperature of 270 1C. LEED patterns taken from this surface (Fig. 3(c) ) are indistinguishable from those of the FePc/Au(111) surface, other than a slight increase in the overall brightness of the spots, implying the VOPc overlayer has the same periodicity as the underlying FePc layer.
In earlier STM studies of monolayer coverages of VOPc on Au(111), a system in which the VQO species has been previously determined to point outwards into the vacuum by scanned-energy mode photoelectron diffraction (PhD), 32 the images of individual molecules show a central depression in the four-lobed structure. In the present case our images of the VOPc molecules adsorbed on the FePc layer lack this central depression ( Fig. 3(a) and (b) ). Instead, as shown in Fig. 4(c) , the VOPc molecules are imaged with a brighter centre, somewhat similar to the underlying FePc molecules (Fig. 4(a) ). These images of the individual VOPc molecules are more similar to those observed in VOPc/cobalt phthalocyanine (CoPc) bilayers on Au(111) 33 and in VOPc monolayers on Cu(111). 34 In both of these cases the molecular orientation has been inferred to be such that the oxygen of the vanadyl species points downwards towards the surface. This similarity in the molecular images would therefore appear to favour an interpretation of the structure of the FePc/VOPc layer as having this same VQO pointing-down orientation. Quantitative structural evidence that the projection of the counter-atom of a non-planar phthalocyanine can point towards a surface has been provided by an X-ray standing waves (XSW) study of the very similar gallium chloride phthalocyanine (GaClPc) molecule on Cu(111). 20 Unfortunately in the absence of XSW or PhD data for the present system, the molecular orientation of the VOPc molecules cannot be unambiguously determined. However, the STM images of the VOPc layer on the FePc monolayer do provide some important further information that bears on this question. Specifically, large area STM images (Fig. 4(b) ) show islands of VOPc that are immobile at room temperature and are aligned with the exposed portions of the underlying FePc monolayer. The VOPc islands are aligned such that vectors defined by the square unit mesh of the overlayer are coincident with those of the FePc monolayer underneath, which is visible in high resolution imaging (Fig. 4(b) ). The cross-sectional linescan of the image in Fig. 4(b) shows a height difference at the edge of the VOPc island of B0.4 nm, a value that must differ from the true island height due to the different electronic properties of the surface below and above the step, but is nevertheless clearly consistent the value expected for a single molecular layer of VOPc. This kind of growth is similar to that of the commensurate growth of single-component phthalocyanine films 16 and clearly shows that the nucleation and growth of the VOPc layer follows the underlying FePc lattice. The fact that the diffracted beam locations in the LEED pattern are unchanged with and without the VOPc overlayer provides further confirmation of this conclusion. Even more significantly, however, the STM images show that the VOPc molecules are positioned directly on top of the underlying FePc molecules. By contrast, in epitaxial VOPc bilayers, 35 comprising VQO up and VQO down pairs, the stacking of the second layer involves a lateral shift (Fig. 5(b) ), unsurprising as one would not expect VQO-OQV bonding. Similar lateral displacements are found in many other planar phthalocyanines (including FePc - Fig. 5(a) ), the metal atoms being offset in the face-to-face stacking motif that is present along the [10% 1] direction of the bulk unit cell. The fact that VOPc molecules sit exactly on top of the FePc molecules, on the other hand, and the fact that our room temperature images show no mobility of the VOPc molecules in the incomplete islands, would appear to imply a direct bonding interaction between the VOPc and FePc molecules. This situation is far more readily understandable if the VQO points down to the central Fe atom of the FePc molecule, allowing a Fe-O bond to form (Fig. 5(c) ), than if the VQO points up (Fig. 5(d) ); in this case there would be no significant direct bonding interaction between the Fe atom and neither the V nor the O atom of the VOPc, the V atoms lying some 0.6 Å above the aromatic plane with the O atom 1.6 Å higher still. 32 Indeed, if the O atom was projected out into vacuum and the 
Conclusions
In conclusion, a combination of STM imaging and LEED has been applied to the growth of a non-planar/planar phthalocyanine bilayer system on Au(111). The combination of these two methods has allowed us to establish the true orientation and size of the surface mesh of the initial monolayer of FePc on Au(111), showing that the structure is incommensurate, and not commensurate as previously proposed. Both methods also show that sub-monolayer islands of VOPc grow on this FePc monolayer with exact (1 Â 1) periodicity, but STM also shows that the individual VOPc molecules sit directly atop FePc molecules, a behaviour quite unlike that seen in the growth of single metal phthalocyanine films. The appearance of the STM images of the VOPc molecules is consistent with those recorded in pure VOPc growth that have been attributed to molecules in which the VQO species points down into the surface. Of course, this kind of STM 'image fingerprinting' falls well short of a true quantitative structural conclusion. However, the on-top configuration, together with the lack of mobility even at room temperature, strongly implies that there is a significant direct bonding interaction between the two molecules that can only be reasonably understood in this VQO-down orientation such that Fe-O bond can be formed. In the lower panels the VOPc conformation is assumed to be the same as in the bulk crystalline material. In the case of the VOPc 'down' geometry, there may well be changes in the buckling of the ligand plane and the separation of the V and O atoms out of the ligand plane.
